Food-derived bioactive peptides are regarded as important modulators of several physiological processes occurring both systemically and locally within the gastrointestinal tract (GIT). However, the concentrations of food-derived bioactive peptides in the GIT, and therefore attendant physiological effects, are likely to be highly variable given the wide variation in the type and amount of dietary protein consumed either during the day or on a day-to-day basis. In contrast, gut endogenous proteins (e.g. cell proteins, mucin, serum albumin and digestive enzymes) are a consistent and significant potential source of peptides for the GIT. With up to 80 % of gut endogenous proteins being digested in the GIT, it is possible that a wide range of peptides is generated, but until now the significance of the gut endogenous proteins as a source of bioactive peptides has not been considered. A hypothesis is promulgated that the gut endogenous proteins may have a hidden role as a consistent and quantitatively important source of bioactive peptides in the GIT.
Introduction
When food proteins are digested, a myriad of variously sized peptides (di-and tripeptides, oligopeptides, to highermolecular-weight polypeptides) is released into the lumen of the digestive tract, and some may be partially resistant to further digestion. Many of these peptides that remain encrypted within the primary structure of the protein, only to be released upon digestion, have been shown to influence multiple body systems, and some share structural motifs along with endogenous peptides (peptides synthesised directly by the host organism, for example, exorphins and endorphins) known to modulate physiological function. Endogenous biologically active peptides, many produced by the action of tissue-specific proteolytic enzymes on various functional tissue proteins, are mediators of a large number of mammalian regulatory systems (1) . Peptides, derived from food proteins, have been recovered from the intestinal digesta of animals (2 -4) and adult human subjects (5 -8) .
As to whether these peptides are absorbed in physiologically significant amounts remains controversial (9 -12) , and absorption may be dependent upon the size of the peptide released and other conditions. Regardless, it appears that such peptides may engage with binding sites (specific receptors) at the surface of the mucosa, leading to the induction of responses, or may have direct effects in the gut lumen itself. The reported effects of food-derived bioactive peptides are broad. They may influence the digestive, endocrine, immune, nervous and cardiovascular systems and may lead to antihypertensive, antimicrobial, lipid-lowering, immunomodulatory, mineral-binding, anti-thrombotic, opiate-like and anticariogenic effects, among others. In the gastrointestinal tract (GIT) anti-diarrhoeal effects and effects on gastrointestinal motility and gastric and pancreatic secretions, and on total ileal endogenous protein output have been reported (13) . The generation, during digestion, of bioactive peptides from foods and their subsequent effects have been the subject of extensive review (12,14 -18) . The most studied protein source shown to give rise to bioactive peptides during digestion is milk. When milk is digested in the GIT, peptides are released that may have a range of biological activities. The two most studied groups of peptides from milk are the angiotensinconverting enzyme (ACE)-inhibiting antihypertensive peptides and the family of opioid-like peptides. These two groups are discussed here as exemplars. ACE is a multifunctional enzyme that has a key role in regulating a number of endogenous peptides. Several peptides released upon the natural digestion of milk have been shown to be ACE inhibitory, and are considered, along with several endogenous peptides, to be competitive substrates for ACE. The amino acid sequences and ACE inhibition (halfmaximal inhibitory concentration; IC 50 ) of several of these bioactive peptides have been characterised (19) . Moreover, an antihypertensive effect has been demonstrated in both animals and human subjects after oral dosage of such bioactive peptides (9, 20) . Opioid-like peptides are opioid receptor ligands with agonistic or antagonistic properties. These peptides, also appearing during the normal digestion of milk proteins, give rise to naloxone-inhibitable opioid activities (19) . The 'atypical' opioid-like peptides that are released from the hydrolysis of food and milk proteins have N-terminal sequences which are different from those of the 'typical' endogenous opioid peptides (e.g. the endorphins). A common structural feature of both the endogenous and exogenous opioid peptides is the presence of a tyrosine residue at the amino terminal end, and an aromatic residue (e.g. phenylalanine or tyrosine) in the third or fourth position. Such a structural motif is necessary for binding to the opioid receptors (19) . The opioid receptors are widely distributed throughout the mammalian body and in the nervous, endocrine, immune and digestive systems (14) . The high-resolution crystal structures of the opioid receptors and a proposed binding mode for the opioids have recently been reported (21) . Milk-and food-protein peptide derivatives with opioid agonist or antagonist activity along with opioid receptor selectivity are well characterised (22) .
Several studies have demonstrated biological responses in animals and human subjects related to food-derived opioid-like peptides (14) . Effects on gastric motility, GIT secretions and GIT function in particular have been studied (13, 16, 20, 23) . That milk is a rich source of bioactive materials, including bioactive peptides, may not be surprising when it is considered that milk is a biological fluid specifically designed to aid the growth and development of the neonate. Perhaps what is more surprising is that bioactive peptides arising during digestion are also commonly found in food proteins other than milk. The presence of bioactive peptides has been demonstrated in a range of diverse food protein sources including meat, eggs, cereals, bone, collagen, legumes, vegetables, marine products, yeast, seaweed and fungi. Different food proteins seem to give rise to different types of bioactive peptides during digestion and in different amounts, and some proteins may be particularly poor sources of bioactive peptides while others are particularly rich sources (24) . For an individual consuming a varied diet, the digestive tract is exposed daily to a number of bioactive peptides arising from digestion of the food proteins. It is likely, however, with vagaries in the consumption of types of dietary proteins, that such peptide production will vary among individuals and, within an individual, from day to day and potentially seasonally. The present review questions the role of dietary proteins as the sole source of bioactive peptides in the GIT, i.e. exogenous bioactive peptides, and puts forward a hypothesis that the gut endogenous proteins may have an as-yet unexplored, hidden role as a consistent source of bioactive peptides in the GIT.
Physiological significance of the food-derived bioactive peptides
The digestion of food proteins has the potential to generate high luminal concentrations of food-derived peptides; thus, although food-derived bioactive peptides may have a lower affinity for cellular receptors compared with their endogenous counterparts (14, 21) , such exogenous peptides do have the potential to bring about physiologically significant effects (15, 21, 25) . For example, Meisel & FitzGerald (14) have shown that theoretically 33 mg of b-casomorphin-7 (an opioid peptide) can be derived from the digestion of 1 g of b-casein, which although not a significant amount of material nutritionally, is potentially significant physiologically. Different peptides appearing in the lumen of the digestive tract may also act synergistically and potentially by interaction with the proteins themselves. Bioactive peptides derived from food proteins are numerous, often having overlapping functional activities and targets, and with some particular peptides being multifunctional. Such multiplicity of actions implies a degree of redundancy in the system. It is an interesting thought as to whether mammals have evolved to adapt to their food source, such that exogenous food-derived peptides complement endogenous physiological regulation and control. Maybe, the very products of protein digestion in the gut lumen have a hitherto unappreciated direct role in regulating the digestive breakdown of the parent protein (co-regulation by the protein of its own digestion). More evidence is required, however, before it can be concluded that food-derived bioactive peptides are an important or perhaps even necessary component of the mammalian physiological regulatory and modulatory systems (14) , but accumulating experimental observations have led some to speculate that this may be so. In the case of gut antimicrobial activity, Pellegrini (25) has concluded that food-derived peptides should be considered as a component of 'nutritional immunity'. Teschemacher (22) in his classic review referred to foodderived opioid peptides as potential 'exogenous supplements to the endogenous opioidergic systems of the human organism' and further: 'a gastrointestinal role of food protein-derived opioid receptor ligands is likely'. Bos et al. (20) conclude: 'Research conducted during the last 30 years strongly suggested that milk and other dietary protein-derived peptides could play a functional role as specific "metabolic regulators" of various physiological functions.'
A quandary
The breast-fed human infant receives a constant and consistent supply of milk proteins, and it is understandable, therefore, that during the course of human evolution, the human infant has become genetically adapted to its preweaning sole food source and milk composition has changed to meet the infant's needs. This may explain the wide range and functionalities of bioactive peptides arising during milk digestion. Both the composition of breast milk and the nutritional and physiological interactions between the infant and its food are the result of genetic evolution (26) . A role for food-derived bioactive peptides in the adult human, in the context of genetic selection, however, is less clear.
During the course of human evolution, over tens of millions of years, it is considered that our free-living preagricultural human and prehuman ancestors extracted their foods from the environment in an opportunistic manner and would have had a highly variable and seasonal diet, with frequent feast and famine events (27 -30) . Being hunter -gatherers, the adults probably did not consume milk or dairy products (29) . This is the type of nutritional environment to which our species became genetically adapted, and so to evolve a system of physiological regulatory activity based on specific food proteins, which implies a consistency of supply of specific dietary protein sources during evolution, is not easily conceived. Furthermore, if as has been suggested, food bioactive peptides are important for regulating gastrointestinal and other body functions in the individual, rather than just playing an incidental role, how does the body handle the considerable day-to-day and season-to-season variation in food protein sources? Diets vary greatly between individuals and for an individual often change markedly in the short term and over a lifetime. Sometimes a particular individual may go without ingesting a particular protein source or mixture of protein sources for long periods of time, without obvious ill effect. So how, in the face of such inconsistency in food protein supply, can the bioactive peptides generated in the gut lumen be important to physiological modulation?
The answer may lie in another non-food supply of protein to the gut lumen; a source referred to as gut endogenous (of body origin) protein.
A new paradigm
Every day in the adult human, approximately as much protein as that ingested with food enters the digestive lumen directly from the body (31) . These proteins are called the gut endogenous proteins. They are subjected to digestion in the digestive tract, with about 80 % of the material being digested and reabsorbed. The endogenous component constitutes a consistent supply of protein to the gut lumen. Sources of endogenous materials entering the digestive lumen are saliva, gastric secretions, bile, pancreatic secretions, mucins, sloughed epithelial cells and plasma proteins (e.g. serum albumin, immunoglobulins). In addition, a significant microbial population inhabits parts of the human digestive tract, and as such bacterial cells die and are lysed, they also offer a supply of proteins to the gut lumen. Characterisation of endogenous proteins present in the lumen of the small intestine of the adult human after ingesting a casein-based meal has recently been made (32) . A new paradigm is proposed whereby it is hypothesised that the gut endogenous proteins provide a consistent supply of protein to the digestive lumen, which upon digestion give a consistent supply of bioactive peptides that act to complement and buffer the less consistent supply of bioactive peptides from food proteins. In this way exogenous bioactive peptides may have evolved to be an important part of physiological modulatory systems. The amount of gut endogenous protein is known to be affected by dietary factors such as the amount and type of dietary fibre, the presence of antinutritional factors (e.g. tannins, lectins, trypsin inhibitors), and the amount (in general) of protein or peptides ingested. It is interesting to note that peptides released from food proteins, and the dietary concentrations of these peptides, have been shown to quantitatively increase the amounts of endogenous (body) proteins present in the digestive lumen (33 -36) . This would infer that the food-derived peptides may modulate the production of peptides from the gut endogenous proteins, and that the two sources of bioactive peptides (dietary and gut endogenous) may be interactive rather than separate systems.
Evidence for bioactive peptides derived from gut endogenous proteins
Our group has undertaken in silico studies of proteins representative of the gut endogenous proteins (37) . Based on their known amino acid sequences and digestive enzyme cleavage sites, it is clear that many of these proteins are able to give rise, during digestion, to many and a wide range of peptides.
The most notable observation of this in silico study was that the number and composition of bioactive peptide fragments deemed to be released from the amino acid sequences of both gut endogenous proteins and dietary sources were remarkably similar. By way of example, when bovine b-casein (an extensively studied food protein source of bioactive peptides) was compared to human serum albumin (an endogenous protein present in the human GIT), using the in silico approach and based on the specificity of pepsin, trypsin and chymotrypsin, it was predicted that similar numbers of bioactive peptides would potentially be released from the total 231 bioactive peptide sequences present in one molecule of b-casein and the total 339 bioactive peptide sequences per molecule of human serum albumin, after digestion in the GIT.
In an attempt to put the potential of gut endogenous proteins as a source of bioactive peptides into perspective, the quantity of bioactive peptides derived from the gastrointestinal digestion of gut endogenous proteins and from a model diet was predicted using the in silico approach. The model diet comprised of milk, wheat, soya, egg and meat and the bioactive peptides present, post-digestion, were predicted for the major proteins present in these foods. Similarly, bioactive peptides present in the gut, postdigestion, were also predicted based on the reported composition of gut endogenous proteins and the reported digestibility of these proteins (32) . It was estimated that a total of 2563 mg of bioactive peptides per d would be generated from dietary proteins, while 5396 mg of bioactive peptides per d would be generated from gut endogenous proteins. This preliminary analysis indicates that gut endogenous proteins may be at least as important as the dietary proteins as a source of bioactive peptides in the GIT, particularly given that the gut endogenous proteins will almost certainly be present more consistently than proteins of dietary origin. Moreover, when viewed in the light of the proposed peptidergic system of regulation of various physiological processes (1) , our findings could explain a possible secondary role for the diverse and continuously present gut endogenous proteins. The observed abundance of bioactive peptide fragments in the amino acid sequences of gut endogenous proteins may infer a buffering ability, in the event of a variable supply of bioactive peptides arising from the dietary proteins.
Clearly the in silico analysis only speaks to the potential for the generation of bioactive peptides from gut endogenous proteins, and takes no account of the effects of secondary and tertiary protein structures on the rate of digestion and subsequent peptide release. Nor does it take into account the effect of bacterial proteases present in the GIT lumen. It does appear, however, based on the many peptides identified that are homologous to food-derived bioactive peptides, that the gut endogenous proteins are a substantial potential source of bioactive peptides in the gut lumen. This source of protein for the digestive tract has the potential to supply a continuous stream of bioactive peptides.
The conduct of in vivo studies is needed to demonstrate the release during digestion of such bioactive peptides. In this respect it is interesting to note that, in an in vitro study, a peptic digest of bovine serum albumin gave rise to a material demonstrating opioid activity (38) . This compound was subsequently identified as the opioid agonist named serorphin. It has also been shown in ruminants that an abomasal infusion of saliva (an endogenous gut protein) leads to an increase in the frequency and duration of reticular contractions (23) thought to be opioid mediated.
Conclusions
It appears that exogenous food-derived bioactive peptides may have numerous physiological modulatory and regulatory activities and these effects may be complemented by gut endogenous protein-derived bioactive peptides. If the latter hypothesis holds up to further empirical investigation, it will be illuminating to examine which peptides are released from the gut endogenous proteins in vivo and in what amounts. This may better highlight which gut-derived bioactive peptides are most important physiologically. Much work needs to be undertaken on the isolation, characterisation, and definition of mechanisms. Once structures and mechanisms of action have been elucidated, it will be useful to see just what foods under what conditions augment the effects of the bioactive peptides originating directly from the gut endogenous proteins.
